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[57] ABSTRACT 

A device for linear beam steering, Where a translation of one 
grating respective the other one results in an increased 
angular deviation of the light beam. The device includes at 
least one pair of gratings With parallel lines, different from 
each other, and each according to a different mathematical 
formula, spaced at a certain distance parallel one beloW the 
other, the spacing of lines in each of the gratings increases 
from one edge to the other. There can be provided a plurality 
of such “facets” of gratings arranged one after the other. The 
double design is compact, inexpensive and essentially aber 
ration free, it has many applications such as scanners for 
laser range ?nders, dynamic aiming systems, laser printers 
and plotters, and many more. 

12 Claims, 6 Drawing Sheets 
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LINEAR BEAM STEERING DEVICE 

BACKGROUND OF THE INVENTION 

In many optical systems it is required to perform an 
angular scanning of a plane Wave over a Wide ?eld of vieW, 
or to perform linear scanning of a focused beam on a plane. 
A feW examples are: An angular scanner for a Laser-Radar, 
Where the transmitted narroW beam should cover a solid 
angle much Wider than the angular divergence of the beam; 
aiming systems Where the central aiming point is moving as 
a function of the target range and velocity; linear scanners 
for laser printers or plotters and more. In the existing 
systems, beam steering is performed With conventional 
optical elements such as a polygonal mirror or a pair of 
prisms. These suffer from some drawbacks: The scanning 
unit is relatively large and heavy and limits the performance 
of systems Which are required to be compact; mass produc 
tion is quite expensive; the scanning rate is severely limited 
by the mechanical system, and rotating systems usually 
suffer from Wobble Which must be restrained in order to 
alloW accurate scanning. As a result, there is a need for a 
compact, inexpensive, accurate, and simple beam steering 
device With a high scanning rate. 

Recently there have been made several proposals to 
perform beam steering by microlens array translation—With 
either diffractive or refractive lenses [see for example: W. 
Goltsos and M. HoltZ, “Agile beam steering using binary 
optics microlens arrays”, Optical Engineering 29, 
1392—1397 (1990)]. Unfortunately, these approaches usually 
suffer from high aberrations at small f-numbers, and they 
must rely on fairly complicated and costly equipment, Which 
often limits the performance of the microlens arrays. 

1. SUMMARY OF THE INVENTION 

The present invention relates to a method to ful?ll the 
required beam steering With tWo diffractive elements, having 
one-dimensional chirped grating functions, Where a linear 
translation of one grating respective to the other causes an 
angular deviation on the output beam. This system is rela 
tively small, compact and simple. The design procedure is 
general and ?exible for various system’s parameters. It is an 
important feature of the invention that a very large deviation 
coef?cient can be attained, of the order of 10 rad/mm, so 
that, for example, With a minute linear translation of a feW 
tenths of a micron it is possible to signi?cantly deviate the 
output beam. As a result, the translation of the grating can be 
accomplished With a small pieZo-electric crystal, and there 
is no need for complicated translating or rotating mecha 
nism. 

According to the simplest embodiment the device com 
prises tWo “facets” each of Which having a plurality of 
parallel lines the spacing of Which increases from one end of 
the edge to the other according to different mathematical 
formulae, and Where the arrangement of the lines in the 
second grating is in the same direction as that of the ?rst one, 
as can be shoWn in FIG. 1a. These are arranged at a constant 
distance from each other and one can be displace laterally 
respective the other. 

According to another embodiment the device comprises 
of tWo “facets” each of Which having a plurality of parallel 
lines, the spacing of Which increases from one end of the 
edge to the center according to different mathematical 
formulae, and then decreases to the other end in a symmetri 
cal manner, and Where the arrangement of the lines in the 
second grating is in the same direction as that of the ?rst one, 
as can be shoWn in FIG. 1b. 
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2 
According to another embodiment the device comprises 

of a plurality of facets pairs, as described in the ?rst 
embodiment above (FIG. 1c). 

According to another embodiment the device comprises 
of a plurality of facets pairs, as described in the second 
embodiment above (FIG. 1d). 

In all of these the gratings are at a constant distance from 
each other. The invention is illustrated With reference to the 
enclosed schematical Figures, Which are not according to 
scale, and in Which: 

FIGS. 1a, 1b, 1c, and 1d illustrate some possible embodi 
ments of the device: FIG. 1a is an example of the simplest 
embodiment Wherein the device comprises the basic facets 
of the invention; FIG. 1b is an example of another embodi 
ment Wherein the device comprises symmetrical facets; FIG. 
1c is an example of another embodiment Wherein the device 
comprises a plurality of facets pairs, each of Which are 
illustrated in FIG. 1a; and FIG. 1a' is an example of another 
embodiment Wherein the device comprises a plurality of 
facets pairs, each of Which are illustrated in FIG. 1b; 

FIGS. 2a and 2b illustrate ray tracing output When passing 
through tWo gratings of the invention, FIG. 2a illustrating 
the Wave before translation of the grids, FIG. 2b after 
translation of Grid G1 by 6x; 

FIGS. 3a and 3b, respectively, illustrate ray tracing of a 
ray impinging on E1 (a) before and after (b) translation of the 
grid G1 by 6x; 

FIG. 4 illustrates an array of identical grating couples; 

FIG. 5 is a schematic side vieW, in partial section of an 
experimental set-up according to the invention; 

FIG. 6 is an illustration of the conversion of a plane Wave 
to a linear point scanner by means of a focusing lens. 

2. DESIGN ANALYSIS 

The novel system, shoWn in FIG. 2, is based on tWo 
parallel gratings, G1 and G2, having one-dimensional grating 
functions ¢1(x) and ¢2(E), respectively. The distance 
betWeen the gratings, d, is constant, and the input Wave 
impinges on the ?rst grating, G1, normal to the grating plane. 
As shoWn in FIG. 2, With no translation, the output Wave 
emerges from the second grating, G2, normal to the grating 
plane. HoWever, When G1 is translated by 6x, the output 
Wave is deviated by an angle 6, Where the deviation ratio, 
K=6sin e/zsx, is a constant. Hence, a continuous linear 
translation of G1 induces a continuous angular steering of 
the output Wave. This angular steering can be easily con 
verted into linear scanning of a focused beam by means of 
an appropriate converging lens. 

2.1 Calculating the Grating Function ¢1(x) of G1 
Before the translation of G1, the ray Which impinges on E1 

arrives from x1, Where x and E are the lateral coordinates of 
the gratings G1 and G2, respectively, After the translation of 
G1, the ray Which impinges on E1 arrives from x2. The total 
movement Ax=x2—x1 is given by the linear translation of the 
grating G1 by 6x, plus the change A‘x Which is caused by the 
fact that the ray Which impinges on x2 arrives at G2 from a 
different direction (see FIG. 3). Hence, the total change is 

Ax=—(A'x+6x) (1) 

The minus sign is because a rightWard translation of G1 
causes a leftWard movement of x2, and vice versa. 
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It is easy to ?nd that A‘X is approximately 

—A[5 (2) 

Where [3 is the off-axis angle from G1, and d is the distance 
betWeen G1 and G2. From noW on, all the length units Will 
be normalized to dE1, hence 

A'x'25 —'A[5 (3) 
cos2[5(x) 

The grating function (|)(X) for G1 is de?ned as 

¢<x> = 2,“ mm (4) 

Where )L is the readout Wavelength. We assume that G1 is 
readout With a monochromatic Wave, and to simplify the 
folloWing equations We omit the term M275, therefore 

¢(x)=sinl5(x)- (5) 

The relation betWeen the angular deviation AB and the 
deviation in the grating function M) is 

M) (6) 

Inserting Eqs. (3) and (6) into Eq. (1) yields 

Ar a — ( A4) + §x ) (7) 
cos3[5 

It is easy to see that in our case 

A¢=sin[52—sin[51=Asin 0560 (8) 

Hence, dividing Eq. (7) by M) and inserting the result into 
Eq. (8) yields 

Ax N 1 6x (9) 
T4) = _ C0835 ’' 66 

By de?ning the constant 

6x 
6 = w 

and assuming an in?nitesimal translation of 6X, it is possible 
to get to folloWing differential relation: 

10 
dx = -d¢- ;3 + a ( ) 

<1 — W 

It is clear from Eq. (5) that cos[3(X)=\/1—q)2. The solution 
of the differential equation is 

(11) 

Where CO is the integration constant Which is found from the 
boundary condition ((|)(0)=0) to be CO=0. Hence, the relation 
betWeen the grating function (|)(X) and the lateral coordinate 
X of G1 is given by the implicit equation 

4, (12) 
X(¢) = - — + 5 ' ¢ 

\| 1 - (1)2 

or in another form 
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4 
This is a simple monotonic function, and, therefore, We 

can easily ?nd the inverse function (|)=(|)(X). 
2.2 Calculating the Grating Function IKE) of G2 
The coordinate of G2 is given (Where 6(X) =0) by 

E=x+tan[5(x). (13) 

Inserting Eq. (12) into Eq. (13) yields 

E=—(tan[5+6sin [5)+tan[5=—6sin (14) 

For 6(X)=0, the output Wave from G2 is normal to the 
grating plane, hence, the grating function of G2 is 

w(§)=-Sin[5© (15) 

Inserting Eq. (15) into Eq. (14) yields 

E=—5Sin f5®=5w© (16) 

NoW, the grating function of G2 is given by an eXplicit 
form: 

<17) 
ME) = g 

2.3 The Accuracy of the Functions (|)(X) and IKE) 
Despite the feW trigonometric approximations Which 

Were done in Eqs. (2)—(17), since We made the integration of 
Eq. (10) in a case Where 6X is in?nitesimal, all the calcu 
lations became accurate and the grating functions (|)(X) and 
1p(X) are noW eXact. In addition, an inverse calculation, 
Where 1p(X) is calculated ?rst and than (|)(X), yields eXactly 
the same solutions. 

To verify this analytic design, a large number of computer 
simulations With different deviation relations K Were per 
formed (as de?ned above —K=1/6), q) in the ranges from 
K=10 Rad/mm to K=0.01 Rad/mm. In all these simulations 
We ?nd that the output Wave, over the entire dynamic range 
of the scanner, is a diffraction limited plane Wave Without 
any aberrations. 
2.4 Design Limitations 

Equation (16) can be reWritten as 

18 
8mm) = Q ( ) 

Since sin[3(§)< there is a limiting condition on 6: 

aim. (19) 

Usually, We Want 6 as small as possible (minor translation 
of G1 Which causes a signi?cant deviation of the output 
Wave). Hence, for a given 6, there is a limitation on Em“. For 
systems Where We need both small 6 and large grating’s area, 
this limitation might be overcame by assembling an array of 
n identical gratings, given by 

n 
G2. <20) 

Where Gk'=Gki for §i,j§n and k=1,2. For all éién the 
grating Gli is constructed in relation to G; according to the 
process described above (see FIG. 4). 

There are still some dif?culties associated With this solu 
tion. Since the lateral edge of G2 is smaller than of G1, there 
are spaces betWeen the elements G2‘, hence, there Will be a 
problem of parasite diffraction from this “pseudo-grating”. 
To reduce this effect, it is desired that the ratio D 1/D2 Will be 
larger than 0.8, Where D1 and D2 are the linear eXtent of Gli 
and G2‘, respectively. 
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Let’s examine the practical meaning of this _constraint; 
When the length of G2l is E the length of G1l is: max 

Em (21) 
xmux g Ema): + T 

The requirement that XmMZEmMZOSxmaX yields the 
constraint 

624. (22) 

As Was described above, 6 is de?ned as: 6=6x/66 Where 
the system is normalized for d=1. Substituting d again yields 
the condition 

Generally, the ratio betWeen the areas of the gratings and 
the total number of facets in the arrays Will be set as an 
optimum according to the speci?c requirements of the 
system. 
3. Detailed Description of the Invention 

The invention is described by Way of illustration only 
With reference to the folloWing examples, Which is illustra 
tive only. The invention is illustrated by the folloWing 
system having the folloWing parameters: 

7»=O.6328 ,um; d=1 cm; 66mM=O.75°; 6=4. 

Inserting these parameters into Eq. (23) yields 

xmM=O.25 cm (24) 

Since every grating in the array is symmetric around the 
y axis, We get the lateral siZe of each facet to be 

max (25) 

3.1 Calculating the Desired Grating Functions 
The grating function of G1 is de?ned implicitly in Eq. (12) 

Where <|>=sin[3(x). In order to easily manufacture this grating, 
it is preferable to de?ne this function explicitly. To achieve 
this, the above function Was expanded to a poWer series, to 
get sin[3(x) explicitly. The result of this expansion, using 
only the ?rst three non-vanishing terms, yields: 

_ 0.375 - (1 - 6) —x5 

(1 + 6)7 
+ L (26) 

The calculation for G2 is easier, since Eq. (18) yields 
sin[3(E)=E/6 explicitly. A large number of simulations, With 
various parameters, Were performed, Where the explicit form 
of Eq. (26) replaced the implicit form of (12). All these 
simulations reveal that there is no practical change in the 
functions (the most signi?cant change Was in the order of 
1010) or in the performance of the system, Which remained 
diffraction limited. 

It is noW possible to calculate the distances betWeen tWo 
neighboring fringes, in G1 and G2 respectively, to be 

27 
D10‘) : sing(x) ( ) 

D65) = —singo (28) 

Inserting the system parameters and Eq. (26) into Eq. (27) 
yields 
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(29) 

For —0.25 cm§x§0215 cm Where x is given in cm and 
D in pm. The minimal distance betWeen the fringes is 12.5 
pm. 

Inserting the system parameters and Eq. (17) into Eq. (28) 
yields 

40 .6328 (30) 

For —0.25 cm§§§025 cm Where E is given in cm and D 
in pm. The minimal distance betWeen the fringes is 10 pm. 
3.2 Experimental Test of the Gratings 
The desired gratings Were manufactured by direct Writing 

method With the Dolev plotter. FIG. 5 demonstrates the 
experimental test setup. 
As can be seen in the ?gure, the light source is a HeNe 

laser. The output beam is expanded by a beam expander into 
a plane Wave Which impinges of G1. This grating is attached 
to a micro-translation stage, and can be translated parallel to 
the grating’s plane. After passing the second grating, the 
output Wave is focused by a appropriate lens With a focal 
length of f=40 cm into the image plane, Where the spot siZe 
and the exact focal position are checked by a microscope. 
The results shoW that over the entire ?eld of vieW the spot 

siZe is —7 pm, Which is a diffraction-limited spot siZe. As 
Expected, the location of each focal point Was at a distance 
of 

f-ox 
6 

(31) 
bl = = 10 - 6x 

from the Zero point, de?ned as the focal point for 6x=0. The 
experimental results reveal that there is a magni?cation in 
the lateral displacement of the focal point, i.e., a linear 
translation of G1 by 6x, causes a linear translation of the 
focal point, larger by a factor of f/o. Since 6 is normaliZed 
to d, the lateral magni?cation can be increased signi?cantly 
by decreasing d accordingly. 
4. Concluding Remarks 

According to one aspect, the present invention relates to 
a method for designing a linear beam steerer, based on the 
use of a double chirped grating. The predicted and the 
experimental properties of the design agree, including a high 
lateral translation magni?cation and a diffraction-limited 
performance. The novel doublet design offers a compact, 
cheap, and aberration-free system, Which has many 
applications, such as: an angular scanner for laser range 
?nders, dynamic aiming systems, linear scanners for laser 
printers or plotters and more. Its relatively simple fabrication 
process and analytical design procedure make it appropriate 
for mass production While facilitating retooling to meet 
different requirements. 
As shoWn in FIG. 6, there are provided tWo gratings, 51 

and 52, parallel With each other at a distance 53, Where 
grating 51 can be moved in its plane respective grating 52 by 
translation motor 54. There is provided a focusing lens 55 at 
a certain distance from grating 52 With its focus at imaging 
plane 56. The angular steering of the plane Wave is con 
verted by this focusing lens into a linear scanning of a point. 
Each plane Wave, corresponding to a different translation of 
the ?rst grating 51, is focused by the focusing lens 55 onto 
the image plane 56 Where the foci of the various plane Waves 
are laterally displaced along a straight line. 
Amongst applications of this device there may be men 

tioned linear scanners for laser printers, beam scanners for 
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bar-code readers, mask plotters for use in the lithography 
industry, laser beam scanners for CD-ROM readers. 

It is clear that the above description is by Way of illus 
tration only and that there eXist many variations and modi 
?cations Within the scope of the present invention. 
A process for putting into effect the present invention 

comprises the following steps: 
Determining the various parameters of the system Which 

are the distance betWeen the tWo gratings G1 and G2, 
determining the deviation ratio 6=6X/66, de?ning the oper 
ating wavelength A and the maXimal deviation angle 66mm. 

Calculating according to equations (12) and (17) and the 
above parameters, the grating functions (|)(X) and IKE) of the 
gratings G1 and G2, respectively. 

Calculating according to equation (23) the lateral siZe of 
each facet, W=2*Xmax, according to the parameters of step 1, 

Determining the number of facets in each grating accord 
ing to the aperture of the input beam. 

Manufacturing the respective gratings by conventional 
production techniques, assembling the gratings at a prede 
termined distance from each other, With means for laterally 
moving one of the gratings respective the other by suitable 
means, so that such lateral movement results in a predeter 
mined deviation of the beam. 

I claim: 
1. A device for linear beam steering comprising: 
a pair of parallel gratings, located at a constant distance 

from each other, said pair of parallel gratings being 
different, each of said parallel gratings comprising a 
plurality of parallel lines, Wherein the spacing betWeen 
the lines gradually increases from one edge of the 
grating up to a maXimum distance betWeen the lines, 
and Wherein the arrangement of lines in a second 
grating of said parallel gratings is in the same direction 
as that of a ?rst grating, each of said parallel gratings 
comprising at least one such spacing sequences, and 
means for a continuous lateral displacement of one of 
said parallel gratings respective the other of said par 
allel gratings thereby resulting in a large angular devia 
tion of an output beam passing through the tWo parallel 
gratings, Wherein a grating function, (|)(X), for a ?rst 
grating G1, of said tWo parallel gratings is calculated by 
the equation: 

Wherein CO is a constant and (1)‘(X) is given by the implicit 
equation: 

(I), 

and Wherein a grating function, IKE), for a second grating, 
G2, of said tWo parallel gratings is calculated by the equa 
tion: 

Wherein, 
Oéxéa and OéEéa are lateral coordinates of said tWo 

parallel gratings G1 and G2, respectively; 
a is a constant; 

6 is the ratio betWeen the linear translation of G1 and the 
angular deviation of an output Wave; 

the distance betWeen G1 and G2 is normaliZed to 1; 

8 
C is a constant; and, 
a plurality of said parallel grating pairs are arranged one 

after another. 
2. Adevice according to claim 1 comprising a plurality of 

5 grating pairs, arranged one after the other. 
3. A device according to claim 1 Where each of the 

gratings having a plurality of parallel lines, the spacing of 
Which increases from one end of the edge to the the center 
according to different mathematical formulae, and then 

10 decreases to the other end in a symmetrical manner, and 
Where the arrangement of the lines in the second grating is 
in the same direction as that of the ?rst one, and Where a 
plurality of such gratings pairs arranged one after another. 

4. A device according to claim 1, Where —ot§x§ot and 
15 —ot§§§ot are the lateral coordinates of the gratings G1 and 

G2, and 0t is a constant. 
5. Adevice according to claim 1, Wherein K, Where K=1/6 

permits deviations in the range from K=20 Rad/mm to 
K=0.01 Rad/mm. 

6. A device according to claim 1, With Which comprises a 
plurality of grating pairs arranged one after the other. 

7. A device according to claim 1, comprising means for 
the controlled movement of the grating respective the other 
by distances in the micron range. 

8. A process for producing a linear beam steering system 
having tWo parallel optical gratings, Wherein one of the 
parallel optical gratings is moved laterally to the other 
optical grating, said process comprising the steps of: 

20 

25 

(a) determining parameters for the linear beam steering 
system Which include determining a distance betWeen 
the tWo parallel optical gratings, G1 and G2, determin 
ing a deviation ratio, 6=6X/66, de?ning an operating 
Wavelength, )t, and a maXimal deviation angle, 66 

30 

(b) calculating the grating function, X(q>), of said parallel 
optical grating, G1, according to the folloWing equa 
tion: 

35 

4) 

4O \ 1 _ (‘)2 

(c) calculating the grating function, IKE), of said parallel 
optical grating, G2, according to the folloWing equa 

45 tion: 

(d) calculating, according to the equation: 

.axmzzt-d-aem 

a lateral siZe of each facet, W=2*X 
parameters of step (a); 

determining the number of facets in each grating accord 
ing to an aperture of an input beam; 

manufacturing the tWo parallel optical gratings, G1 and 
G2; 

assembling the tWo parallel optical gratings, G1 and G2, at 
a predetermined distance from each other; and, 

providing means for continuously laterally moving, at 
least, one of the tWo parallel optical grating, G1 and G2, 
relative to each other, so that such continuous lateral 
movement causes a predetermined angular deviation of 
an output beam passing through said linear beam 
steering system. 

max, according to the 

55 

65 
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9. The process according to claim 8, wherein the tWo 12. The process according to claim 8, further comprising 
parallel optical gratings are produced by direct Writing. the step of positioning a focusing lens in front of one of said 

10. The process according to claim 8, Wherein said tWo tWo parallel optical gratings, thereby resulting in a point 
parallel optical gratings are produced by microlithography. scan at an imaging plane de?ned by the focus of said 

11. The process according to claim 8, Wherein said tWo 5 focusing lens. 
parallel optical gratings are produced by holographic record 
ing * * * * * 


